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Preface 

This  report  touches  upon  the  subject  of  convective  heat 
transfer.  I  hope  that  it  will  either  establish  a  point  of 
departure  for  further  study  or,  more  optimistically,  provide 
some  useful  engineering  design  information.  However,  if 
neither  of  these  purposes  is  served,  I  can  truthfully  say 
that  this  research  has  been  of  great  personal  value  to  me, 
for  during  the  last  six  months  I  have  become  hunbly  reaware 
of  ny  own  ine3q)erience  and  of  the  thrill  of  learning  some¬ 
thing  new. 

I  wish  to  express  iiy  appreciation  to  Dr.  Andrew  J.  Shine, 
Head,  Department  of  Mechanical  Engineering,  Air  Force 
Institute  of  Technology.  As  my  thesis  advisor,  he  gave 
timely  suggestions  and  encouragement  which  were  invaluable. 
Mr.  Frank  C.  Jarvis,  ny  laboratory  technician,  solved  many 
practical  problems  involved  with  the  assembly  of  equipment. 

In  addition,  he  instructed  me  on  the  use  of  the  Mach-Zender 
interferometer  and  provided  vital  assistance  during  the 
interferometer  study.  Finally,  I  wish  to  thank  Mr.  Millard 
W.  Wolfe,  Foreman,  School  Shops,  Air  Force  Institute  of 
Technology.  Without  his  interest  and  patience  this  report 
would  not  have  been  coirpleted  on  time. 


David  F.  Neely 
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Abstract 

The  purpose  of  this  investigation  was  to  determine  the 
effect  of  diameter,  terroerature  difference,  and  vibration 
intensity  on  the  free  convective  heat  transfer  rate  from 
horizontal  cylinders  subjected  to  transverse  vibrations  in 
air. 

The  diameters  of  the  cylinders  used  in  this  investiga¬ 
tion  were  0.G85  and  0.25  inches.  The  cylinders  were  vibrated 
over  a  frequency  range  of  0  to  88  cycles  per  second  and  an 
asplitude  range  of  0  to  0.35  inches.  The  surface  tenperature 
of  the  cylinders  ranged  from  138  to  201  degrees  Fahrenheit, 
and  the  maximum  vibration  intensity  was  29  inches  per  second. 

Above  vibration  intensities  of  12  inches  per  second, 
the  variation  of  the  heat  transfer  rate  for  both  cylinders 
followed  the  forced  convection  curve  recommended  by  McAdams, 
and  the  value  of  the  heat  transfer  rate  was  independent  of 
the  tenperature  difference.  For  a  given  tenperature  differ¬ 
ence  and  vibration  intensity,  the  value  of  the  heat  transfer 
rate  increased  as  the  cylinder  diameter  decreased.  An 
interferometer  study  showed  that  the  boundary  layer  was 
turbulent  above  vibration  intensities  of  12  inches  per 
second. 
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EFFECT  OF  VIBRATION  ON  HEAT  TRANSFER 
FRC3A  CYLINDERS  IN  FREE  CONVECTION 


I .  Introduc t ion 


Backgroimd 

Free  convection  is  actually  conduction  with  subsequent 
fluid  movement  caused  hy  changes  in  fluid  density.  Move¬ 
ment  of  the  fluid  takes  place  in  a  relatively  narrow  region 
known  as  the  boundary  layer.  Most  techniques  designed  to 
irprove  convective  heat  transfer  have  as  their  objective 
reducing  the  thickness  of  the  boundary  layer  or  increasing 
the  trauisverse  fluid  motion  in  the  boundary  layer.  Vibra¬ 
tion  is  one  method  of  increasing  the  heat  transfer  rate  by 
additional  fluid  motion. 

Purpose 

The  general  purpose  of  this  investigation  was  to  deter¬ 
mine  the  effect  of  diameter,  temperature  difference,  and  vi¬ 
bration  intensity  on  the  free  convective  heat  transfer  rate 
from  the  surface  of  horizontal  cylinders  subjected  to 
transverse  vibrations.  A  review  of  the  literature  indicated 
that  a  maximum  vibration  intensity  (af)  of  14.6  inches  per 
second  had  been  reported  by  Fand  and  Kaye  (Ref  3:495).  The 
specific  objectives  of  this  study  were,  to  increase  the 
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maximum  vibration  intensity  and  to  correlate  the  results 
with  the  forced  convection  curve  recomaended  by  McAdams 
(Ref  6:259). 

Scope 

TWo  cylinders  of  different  diameter  and  length  were 
used  in  this  investigation.  The  smaller  cylinder  was  0.085 
inches  in  diameter  suid  10  inches  long.  The  larger  cylinder 
was  0.25  inches  in  diameter  and  11  inches  long.  These 
cylinders  were  vibrated  over  a  frequency  range  of  0  to  88 
cycles  per  second  and  an  anplitude  range  0  to  0.35  inches. 

The  vibration  intensity  (af)  varied  from  0  to  29  inches  per 
second.  Each  cylinder  was  vibrated  at  static  surface-to-air 
tenperature  differentials  of  60,  90,  100,  and  120  degrees 
Fahrenheit. 

Approach 

The  cylinders  were  heated  at  rest  on  the  vibration  appa¬ 
ratus.  Electrical  power  input  to  the  cylinder  heaters  was 
varied  until  the  desired  static  teirperature  differential  was 
established.  The  cylinders  were  then  vibrated  with  the 
heater  power  held  constant.  During  vibration  the  surface 
temperature  of  the  cylinders  dropped,  indicating  an  increase 
in  the  heat  transfer  rate.  Data  were  collected,  reduced, 
and  plotted  in  graphical  form. 
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Past  Studies 

A  review  of  the  literature  revealed  a  number  of  studies 
over  the  past  twenty  years  dealing  specifically  with  the 
effect  of  vibration  on  the  heat  transfer  rate  from  wires  and 
small  cylinders.  Only  the  more  recent  and  most  applicable 
of  these  studies  will  be  listed. 

In  1955,  Lemlich  investigated  the  effects  of  horizontal 
and  vertical  transverse  vibrations  on  the  heat  transfer  rate 
from  wires  in  free  convection  in  air-  The  wires  were  0.0253, 
0.0396,  and  0.081  inches  in  diameter  and  were  vibrated  over 
a  frequency  range  of  39  to  122  cycles  per  second.  The  an^sli- 
tude  varied  from  0  to  0.115  inches  and  the  temperature  dif¬ 
ference  varied  from  7  to  365  degrees  Fahrenheit.  Lemlich 
reported  an  increase  in  the  heat  transfer  coefficient  of  400 
percent  and  an  independence  of  the  heat  transfer  coefficient 
on  the  direction  of  vibration  (Ref  5:1179). 

In  1957,  Shine  studied  the  effect  of  transverse  vibra¬ 
tions  on  the  heat  transfer  rate  from  a  vertical  plate  in  free 
convection  in  air.  The  plate  was  vibrated  over  a  frequency 
range  of  11  to  315  cycles  per  second  and  a  plate  temperature 
range  of  131  to  279  degrees  Fahrenheit.  The  amplitude  varied 
from  0  to  0v061  inches.  Shine  reported  an  increase  in  the 
heat  transfer  coefficient  of  30  percent  at  a  vibration 
intensity  of  4.9  inches  per  second  (Ref  8:56). 
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In  1961,  Denver  et  al.  investigated  the  effects  of  ver¬ 
tical  haraonic  vibrations  on  the  heat  transfer  rate  from  a 
0.007  inch  diameter  wire  in  free  convection  in  water.  The 
frequency  range  was  0  to  4.25  cycles  per  second  and  the  am¬ 
plitude  range  was  0  to  1.38  inches.  The  maximum  tenperature 
difference  was  140  degrees  Fahrenheit.  Denver  found  regions 
of  free,  mixed,  and  forced  convection  and  formulated  empiri¬ 
cal  equations  for  each  region.  He  also  reported  that  at  high 
vibration  intensities  the  effect  of  vibration  on  the  heat 
transfer  rate  agreed  well  with  that  of  forced  convection  and 
that  at  low  intensities  the  heat  transfer  rate  was  indepen¬ 
dent  of  the  vibration  intensity  (Ref  1:254). 

In  1961,  James  studied  the  effect  of  horizontal  trans¬ 
verse  vibrations  on  the  heat  transfer  rate  from  cylinders  in 
free  convection  in  air.  The  frequency  range  v/as  107  to  167 
cycles  per  second  and  the  anplitude  range  was  0  to  0.064 
inches.  The  temperature  difference  varied  from  35  to  90 
degrees  Fahrenheit  and  the  maximum  vibration  intensity  was  7 
inches  per  second.  Cylinders  of  0.085,  0.25,  and  0.75  inches 
in  diameter  were  used.  James  reported  an  increase  in  the 
heat  transfer  coefficient  of  89  percent  and  found  this  in¬ 
crease  to  be  dependent  only  on  the  vibration  intensity 
(Ref  4:17) . 
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In  1961,  Fand  and  Kaye  studied  the  effect  of 'vertical 
transverse  vibrations  on  the  heat  transfer  rate  from  a  0.875 
inch  diameter  cylinder  in  free  convection  in  air.  The  fre¬ 
quency  range  was  54  to  225  cycles  per  second  and  the  anpli- 
tude  varied  from  0  to  0.16  inches.  The  tenperature  differ¬ 
ence  varied  from  25  to  185  degrees  Fahrenheit  and  the  msucimum 
vibration  intensity  was  14.6  inches  per  second.  Fand  and  Kaye 
reported  that  the  effect  of  vibration  on  the  heat  transfer 
rate  was  negligible  below  intensities  of  3.6  inches  per 
second.  They  also  found  that  for  values  of  tenperature 
difference  less  than  approximately  100  degrees  Fahrenheit  and 
vibration  intensities  above  11  inches  per  second  the  heat 
transfer  rate  is  independent  of  tenperature  difference  and 
that  for  temperature  differences  above  100  degrees  Fahrenheit 
the  heat  transfer  rate  can  be  obtained  from  an  empirical 
equation  (Ref  3:497). 

In  1962,  Shine  and  Jarvis  studied  the  effect  of  vertical 
vibration  on  the  heat  transfer  rate  from  cylinders  in  free 
convection  in  air.  The  cylinder  diameters  were  0.032  and 
0.072  inches.  The  frequency  range  was  15  to  75  cycles  per 
second  and  the  amplitude  range  was  0.002  to  0.99  inches. 

Their  report  stated  that  the  heat  transfer  rate  is  unaffected 
by  vibration  below  intensities  of  1  inch  per  second  and  that 
the  variation  of  the  heat  transfer  coefficient  with  vibration 
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intensity  appeared  to  parallel  the  forced  convection  curve 
recommended  by  McAdams  (Ref  9:2). 

In  1962,  P.uss  studied  the  effect  of  horizontal  trans¬ 
verse  vibrations  on  the  heat  transfer  rate  from  cylinders  in 
free  convection  in  air.  The  cylinder  diameters  were  0.0&5, 
0.25,  and  0.75  inches.  The  frequency  varied  from  0  to  130 
cycles  per  second  and  the  anplitude  varied  from  0  to  0.165 
inches.  The  surface  tenperature  of  the  cylinders  varied  from 
125  to  167  degrees  Fahrenheit  and  the  maximum  vibration  in¬ 
tensity  was  13  inches  per  second.  Russ  reported  that  the 
heat  transfer  rate  for  a  given  cylinder  is  dependent  only 
upon  the  vibration  intensity.  He  also  found  that  the  varia¬ 
tion  of  the  heat  transfer  rate  as  a  function  of  vibration 
intensity  was  quite  conplex  and  that  for  the  range  of  his 
investigation  no  sinple  analogy  to  that  of  forced  convection 
existed  (Ref  7:32). 

Present  Study 

This  study  was  an  extension  of  the  work  of  Russ.  Vibra¬ 
tion  intensities  of  29  inches  per  second  were  achieved 
through  equipment  redesign  and  modification.  However,  30  data 
points  were  recorded  in  the  low  intensity  region  investigated 
by  Russ.  These  points  were  conpared  to  the  results  of  Russ 
in  order  to  establish  the  accuracy  of  the  procedures  and 
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equipiaent  used  in  this  study.  Correlation  was  excellent  and 
the  remaining  data  points  were  tzOcen  at  vibration  intensities 
in  excess  of  12  inches  per  second. 
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II.  Experimental  Equipment 

The  equipment  used  in  this  study  can  be  divided  into 
three  main  categories  as  listed  below: 

Heat  Transfer  Apparatus 
Test  Cylinders 
Power  Control  Equipment 
Tenperature  Measuring  Equipment 

Vibration  Apparatus 
Test  Stand 

Resonant  Beam  Assembly 
Vibrator 

Vibration  Intensity  Measuring  Equipment 

Boundary  Layer  Study  Apparatus 
Mach-Zender  Interferometer 
Light  Sources 
Camera 

Heat  Transfer  Apparatus 

The  0.085  inch  diameter  cylinder  was  a  10  inch  length  of 
stainless  steel  tubing.  The  tube  was  heated  electrically  by 
attaching  the  power  input  leads  directly  to  the  ends  of  the 
cylinder  so  that  the  current  passed  through  the  cylinder  it¬ 
self.  Pour  stainless  steel  support  rods  were  soldered  to  the 
cylinder  to  prevent  undesirable  modes  of  vibration.  A 
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photograph  of  the  cylinder  is  shown  in  Figure  2. 

The  0.25  inch  diameter  cylinder  was  an  11  inch  length 
of  copper  tubing.  Heating  was  acconplished  electrically  by 
passing  current  through  a  single  strand  of  30  gage  nichrome 
wire  threaded  axially  through  the  cylinder.  The  power  input 
lines  were  soldered  to  the  ends  of  the  wire  and  the  entire 
heater  was  insulated  electrically  from  the  copper  cylinder  by 
a  thin-walled  cylindrical  tube  of  alumina.  Four  stainless 
steel  support  rods  were  soldered  to  the  cylinder  to  prevent 
undesirable  modes  of  vibration.  A  photograph  of  the  cylinder 
is  shown  in  Figure  3. 

The  power  control  equipment  consisted  of  two  voltage 
regulators,  two  3  ohm  resistors,  two  ammeters,  and  a  voltmeter. 
The  two  voltage  regulators  were  Powers tat,  type  140,  and  the 
voltmeter  was  a  Ballantine,  model  300.  A  single  voltmeter  was 
satisfactory  for  both  cylinders  since  it  had  a  variable  scale. 
However,  the  0.085  inch  diameter  cylinder  required  an  ammeter 
with  a  range  of  0  to  5  amperes  and  the  0.25  inch  diameter 
cylinder  required  an  ammeter  with  a  range  of  0  to  2  anperes. 
Both  ammeters  were  Weston  models.  The  voltage  regulators 
were  placed  in  series  to  obtain  finer  adjustments  and  the 
two  3  ohm  resistors  were  added  to  stabilize  the  circuit  by 
minimizing  the  effect  of  small  variations  in  the  contact 
resistance  of  the  voltage  regulators. 
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Tte  adbient  tesrperature  was  nsasured  with  a  Parr  calor- 
inetric  nercury-in-qlass  thercoaeter  graduated  to  0.05  degrees 
r^ahrenheit.  The  cylinder  surface  tenperature  was  measured 
with  an  iron-cons tan tan  thermocouple  referenced  to  an  ice- 
water  bath  and  connected  to  a  Rubicon  potentiometer.  The 
potentiometer  was  graduated  to  0.0G5  millivolts  or  approxi¬ 
mately  0.2  degrees  Fahrenheit. 

Vibration  Apparatus 

The  test  stand  consisted  of  a  steel  frame  with  plywood 
sides  and  was  conpletely  filled  with  concrete.  The  top  was 
a  0.5  inch  thick  steel  plate  welded  to  the  frame.  Tite  base 
was  32  inches  wide,  30  inches  long,  and  the  height  of  the 
test  stand  was  50  inches. 

The  resonant  beam  assembly  consisted  of  two  parallel 
beams  0.625  inches  thick,  4  inches  wide,  and  40  inches  long, 
and  two  movable  spacers,  each  4  inches  long.  The  inner  beam 
was  made  of  steel  and  was  connected  to  the  vibrator.  The 
outer  beam  was  made  of  aluminum  and  contained  the  mounting 
bracket  for  the  test  cylinders.  The  position  of  the  spacers 
determined  the  effective  length  of  the  beams,  which  in  turn 
established  the  resonant  frequency  of  the  entire  assembly. 

By  varying  the  position  of  the  spacers,  a  resonant  frequency 
range  of  80  to  315  cycles  per  second  was  obtained.  A 
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photograph  of  the  resonant  beam  assembly  is  shewn  in  Figure 

5. 

The  vibrator  was  a  Calidyne  model  6  shaker  with  a 
frequency  range  of  0  to  700  cycles  per  second  auid  an  output 
force  of  3.1  pounds  per  anpere  of  armature  current.  Al¬ 
though  the  maixinrum  allowable  armature  current  was  5  anperes, 
the  equipment  was  operated  at  a  maximum  of  4  amperes  to  avoid 
failure  of  the  vibrator  or  its  power  supply.  This  establish¬ 
ed  a  maximum  force  output  of  12.4  pounds. 

A  General  Radio  type  631  strobotac  was  used  to  calibrate 
the  frequency  dial  of  the  vibrator  power  supply.  The 
strobotac  had  a  frequency  range  of  10  to  240  cycles  per 
second.  A  Gaertner  Scientific  Corporation  telemicroscope  was 
used  to  measure  the  amplitude  of  vibration.  This  instrument 
was  graduated  to  0.0001  inches. 

Boundary  Layer  Study  Apparatus 

The  Mach-Zender  interferometer  used  in  this  study  had 
optical  parts  6  inches  in  diameter  and  a  test  section  19 
inches  long.  The  interferometer  was  suspended  by  coil 
springs  attached  to  a  steel  frame.  The  frame  was  mounted  on 
wheels  and  could  be  raised  or  lowered  by  means  of  a  hydraulic 
jack.  A  photograph  of  the  interferometer  is  shown  in 
Figure  6. 
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Three  light  sources  were  used  in  this  study.  A  icercury 
lann>  was  used  for  coarse  fringe  adjustments,  a  zirconium 
laim>  for  fine  fringe  adjustments,  and  a  sparlc  lanp  for 
obtaining  the  inter ferograms.  A  Graf lex  camera,  employing 
type  44  polaroid  film,  was  used  for  the  inter ferograms . 
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III.  Measyireinents 

The  acquisition  of  raw  data  required  the  measurement  of 
six  experimental  variables.  These  variables  were  the  ambient 
air  tenperature,  cylinder  surface  ten^jerature,  frequency  of 
vibration,  amplitude  of  vibration,  current,  and  voltage.  The 
measurement  of  each  of  these  variables  will  be  discussed  sep¬ 
arately  in  the  following  paragraphs. 

Temperature 

The  ambient  air  ten^jerature  was  measured  with  a  mercury- 
in-glass  thermometer  graduated  to  0.05  degrees  Fahrenheit. 

The  physical  location  of  the  thermometer  was  most  important 
since  vertical  and  horizontal  tenperature  gradients  as  high 
as  2  degrees  Fahrenheit  per  foot  existed  within  the  labora¬ 
tory.  Consequently,  the  thermometer  bulb  was  placed  at  the 
same  vertical  level  of  the  test  cylinder  and  within  6  inches 
of  the  cylinder  horizontally. 

The  temperature  of  each  cylinder  was  measured  with  an 
iron-constantan  thermocouple  soldered  to  the  cylinder  surface . 
The  location  of  this  thermocouple  was  critical  since  each 
cylinder  had* a  temperature  variation  along  its  length  caused 
by  heat  conduction  along  the  support  rods.  Consequently, 
nine  thermocouples  were  soldered  to  the  surface  of  each 
cylinder  and  the  temperature  recorded  at  each  location  during 
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four  static  runs  and  four  vibration  runs.  These  temperatures 
ware  plotted,  the  area  under  each  curve  determined,  and  the 
average  temperature  obtained  by  dividing  the  area  by  the 
length  of  the  cylinder-  The  average  temperature  always 
occurred  at  the  same  location  on  each  cylinder.  It  was  at 
this  location  that  the  cylinder  surface  temperature  was 
measured  for  all  sxabsequent  test  runs. 

The  effect  of  random  air  motion  in  the  test  area  on  the 
cylinder  surface  temperature  was  negligible.  This  was 
determined  during  five  test  runs  in  which  the  cylinder  was 
completely  enclosed  within  an  air  shield.  The  cylinder  was 
then  heated  and  vibrated  at  intensities  in  excess  of  12 
inches  per  second.  When  the  cylinder  surface  temperature 
had  stabilized,  its  value  was  recorded  and  the  air  shield 
removed.  After  five  minutes,  the  surface  temperature  was 
again  recorded.  During  all  runs,  the  temperature  did  not 
change  after  the  shield  was  removed. 

Vibration  Intensity 

The  frequency  of  vibration  was  set  by  a  dial  on  the 
vibrator  power  supply.  The  dial  reading  was  checked 
periodically  with  a  strobotac  and  found  to  agree  within  2 
cycles  per  second.  The  amplitude  of  vibration  was  obtained 
by  focusing  the  telemicroscope  on  a  narrow  width  of  reflect¬ 
ing  tape  placed  on  the  end  of  the  support  cylinder.  When 
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the  cylinder  was  vibrating,  this  width  of  tape  became  a 
continuous,  distinct  band.  The  width  of  this  band  was 
measured  with  the  telemicroscope.  This  measurement  was  then 
corrected  for  the  width  of  the  tape  and  became  equal  to 
dotoble  the  arnplitude  of  vibration. 

Power 

The  current  to  the  heater  element  of  each  cylinder  was 
measured  with  a  conventional  ammeter.  Before  each  run  at  one 
of  the  four  static  temperature  differentials,  the  ammeter  was 
compared  to  another  ammeter  of  the  same  type.  The  maximum 
difference  in  the  two  readings  was  0.01  amperes.  Voltage  was 
measured  with  an  electronic  voltmeter.  However,  the  voltage 
drop  in  the  heater  element  of  each  cylinder  was  not  measured 
directly.  It  was  necessary  to  connect  the  voltmeter  in  such 
a  way  that  a  line  loss  was  also  included  in  the  instrument 
reading.  Consequently,  the  total  power  input  had  to  be 
corrected  for  this  line  loss  in  order  to  obtain  the  power 
delivered  to  the  heater  element. 
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IV.  Calculation  of  Losses 


The  heat  lost  by  convection  from  the  cylinder  surface 
was  determined  by  subtracting  the  line,  radiation,  and  con¬ 
duction  losses  from  the  total  power  in  the  circuit.  End 
losses  were  considered  negligible  for  both  cylinders.  This 
assunption  was  based  on  a  comparison  of  lateral  surface  area 
to  end  surface  area.  The  calculation  of  the  line,  radiation, 
and  conduction  losses  will  be  discussed  in  the  following 
paragraphs . 

Line  Losses 

The  line  losses  were  confuted  from  the  line  current  and 
resistance.  The  line  current  was  measured  and  the  line 
resistance  was  calculated  by  measxiring  the  voltage  drop  in 
one  foot  of  wire  at  different  values  of  current.  The  total 
resistance  of  the  lead  wires  for  the  0.085  inch  diameter 
cylinder  was  variable  and  is  plotted  against  current  in  the 
wire  in  Figure  7.  However,  the  total  resistance  of  the  lead 
wires  for  the  0.25  inch  diameter  cylinder  remained  constant 
at  a  value  of  0.167  ohms.  This  is  due  to  the  fact  that  the 
maximum  current  required  by  the  0.25  inch  diameter  cylinder 
was  only  1.38  amperes  as  compared  to  a  maximum  current  of  5.1 
amperes  for  the  0.085  inch  diameter  cylinder. 
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Radiation  and  Conduction  Losses 

In  this  investigation,  the  radiation  and  conduction 
losses  were  confuted  indirectly.  Based  on  the  assunrotion 
that  the  heat  lost  by  radiation  and  conduction  was  indepen¬ 
dent  of  the  vibration  intensity  and  only  a  function  of  the 
tenperature  difference,  the  foilwing  procedure  was  used  in 
the  calculation  of  these  losses; 

1.  Each  cylinder  was  heated,  at  rest,  to  different 
values  of  static  tenperature  difference. 

2.  For  each  value  of  static  tenperature  difference, 
properties  of  the  fluid  in  the  boundary  layer  were  computed 
at  the  arithmetic  average  of  the  cylinder  and  ambient  tem¬ 
peratures  . 

3.  With  the  fluid  properties,  cylinder  diameter,  and 
tenperature  difference  established,  the  product  of  the 
Grashof  and  Prandtl  nuinbers  are  conputed. 

4.  With  the  Grashof-Prandtl  product  known,  the  Nusselt 
number  was  obtained  from  McAdam's  free  convection  curve 
(Ref  6:176). 

5.  The  convective  heat  transfer  rate  from  the  cylinder 
surface  was  determined  using  this  Nusselt  number. 

6.  The  sum  of  the  radiation  and  conduction  losses  was 
computed  by  subtracting  the  line  and  convective  losses  from 
the  total  power  in  the  circuit. 
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7.  The  sura  of  the  radiation  and  conduction  losses  was 
then  plotted  against  tenroerature  difference  for  each  cylinder. 
These  graphs  are  shown  in  Figures  8  and  9. 


18 


V.  £:x>er ' '  ental  Procedure 


-i-z 


Four  vibration  rests  were  conducted  on  each  cylinder. 
Each  test  consisted  of  five  to  fifteen  runs  or  data  points 
with  the  cylinder  heater  power  held  constant-  Although  the 
heater  power  v/as  constant  for  a  given  test,  it  rad  a  differ¬ 
ent  value  for  each  test.  Tnese  values  corresponded  to  static 
cylinder-to-airibient  temperature  differentials  of  60,  90,  ICC. 
and  120  degrees  Fahrenheit . 

The  specific  experimental  procedure  used  in  each  v. - 
bration  test  consisted  of  the  fcllcwinc  steps: 

1.  The  cylinders  were  heated,  at  rest,  to  a  specific 
value  of  static  temperature  difference. 

2.  VThen  the  desired  static  temperature  difference  w"is 
established,  the  pov/er  input  to  the  cylinder  heaters  v/as 
held  constant  and  the  rylinders  v/ere  vibrated  at  various 
intensities . 

3.  VJhen  the  cyli -.der  surface  temperature  stabilized 
at  e?*ch  vibration  into  .sity.  raw  data  were  recorded. 
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VI .  Calculation  of  Parameters 

The  heat  transfer  rate  from  the  cylinder  surface  was 
calculated  by  subtracting  the  line,  radiation,  and  conduc¬ 
tion  losses  from  the  total  power  in  the  circuit.  The  total 
power  was  determined  from  the  recorded  current  and  voltage. 
The  line  loss  was  determined  from  the  recorded  current  and 
line  resistance-  The  sum  of  the  radiation  and  conduction 
losses  was  determined  from  the  graphs  shown  in  Figures  8 
and  9  and  discussed  earlier.  The  vibration  intensity  was 
determined  from  the  product  of  the  amplitude  and  frequency 
of  vibration. 

Tlie  Nusselt  number  was  calculated  from 

Nu  =  {h)(dAf)  =  (3.412Q^/A^T)  (d/kf)  (1) 

For  the  0.085  inch  diameter  cylinder,  10  inches  in  length, 

Eq  (1)  reduced  to 

Nu  =  1.305Qc/kf  At 

For  the  0.25  inch  diameter  cylinder,  11  inches  in  length, 

Eq  (1)  reduced  to 

Nu  =  1.184Q^/kf  At 
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The  Reynolds  number  was  calculated  from 

Re  =  Vd/]J  f  =  4afd/144Vf 

For  the  0.085  inch  diameter  cylinder,  Eq  (2)  reduced  to 
Re  =  2af/84.7yf 

For  the  0.25  inch  diameter  cylinder,  Eq  (2)  reduced  to 
Re  =  2af/288Vf 


(2) 
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VII.  Analysis  of  Errors 

Hunan  and  instrument  errors  could  have  been  introduced 
into  the  raw  data  during  the  measurement  of  any  oiU?-of  the 
six  fundanantal  variables.  An  analysis  of  the  individual 
and  overall  errors  is  presented  in  this  section. 

Power  I-Seasurement 

The  ammeters  used  in  this  study  had  a  maximum  error  of 
0.75  percent  of  the  full  scale  reading.  The  minimum  reading 
during  test  runs  was  3.31  and  0.91  amperes  for  the  smaller 
and  larger  cylinder,  respectively.  These  values  yield 
maximum  errors  of  2.27  and  1.65  percent. 

The  electronic  voltmeter  used  in  this  study  had  an 
accuracy  of  2  percent  of  the  full  scale  reading.  The  0.085 
inch  diameter  cylinder  required  a  full  scale  reading  of  1 
vclt,  and  the  0.25  inch  diameter  cylinder  required  a  full 
scale  reading  of  10  volts.  The  maximum  error  becomes  2.86 
percent  for  the  smaller  cylinder  and  5.4  percent  for  the 
larqer  cylinder. 

Vibration  Intensity 

The  frequency  of  vibration  was  obtained  from^a  'dial  on 

the  vibrator  power  supply.  The  minimum  frequencies  of  vi- 

9 

bration  were  77  and  80  cycles  per  second  for  the  smaller  and 
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larger  cylinders,  respectively-  Based  on  these  figures,  the 
maximum  error  would  be  2.6  percent  for  the  0.085  inch 
diameter  cylinder  and  2.5  percent  for  the  0.25  inch  diameter 
cylinder. 

The  amplitude  of  vibration  was  recorded  as  the  average 
of  two  readings.  The  maximum  deviation  from  the  average  was 
0.005  inches-  Based  on  an  amplitude  of  0.25  inches,  a 
representative  error  of  2  percent  was  calculated. 

Temperature 

M-easurement  of  the  ambient  temperature  and  the  cylinder 
surface  temperature  could  have  introduced  relatively  large 
errors  into  the  calculation  of  parameters.  Although  actual 
values  of  these  two  temperatures  were  not  used  directly  in 
the  calculation  procedure,  their  difference  established  the 
numerical  value  of  At  At  high  vibration  intensities, 
values  of  id  T  less  than  10  degrees  Fahrenheit  were  not 
uncommon.  Consequent!/,  an  instrument  error  of  1  degree 
Fahrenheit  could  cause  a  relatively  large  error  of  more 
than  10  percent.  In  addition,  the  presence  of  the  thermo¬ 
couple  on  the  cylinder  surface  tended  to  disturb  the  boundary 
layer  fluid,  and  even  if  there  were  no  instrument  error  this 
disturbing  effect  may  result  in  incorrect  temperature 
measurements  (Ref  6:19''. 
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Overall  Error 

The  expressions  for  the  maximum  overall  error  in  the 
calculation  of  the  Nusselt  number  and  Reynolds  number  were 
obtained  by  writing  the  equation  for  these  parameters  in 
finite  difference  form  as 


Anu  =  C/kf 


AQc  +  Qc  ^  (T^-'I’a) 


(Tw-Ta) 


{Tv,-Ta)^" 


(3) 


and 


A  Re 


f  A  2a  -t  2a  A  f 

Cl  V  f 


(4 


\ 

/ 


where  C  and  are  constants  determined  by  the  length  and 
diameter  of  the  cylinder.  Errors  in  kf  and  were  taken 
as  zero  since  values  of  these  properties  varied  only  slight¬ 
ly  over  the  temperature  range  of  this  investigation.  Tlie 
error  in  At  could  not  be  accurately  determined.  However, 
a  value  of  0.5  degrees  Fahrenheit  was  assumed.  The  expres¬ 
sion  for  the  maximum  error  in  convective  heat  transfer  is 
derived  in  Appendix  B.  Applying  Eqs  (3)  and  (4)  to  run 
number  19  on  the  0.25  inch  diameter  cylinder,  the  maximum 
overall  error  v/as  calculated  to  be  2.66  for  the  Nusselt 
number  and  38.3  for  the  Reynolds  number.  These  values 
correspond  to  errors  of  14.9  and  4.3  percent,  respectively. 
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VIII.  Results  and  Correlation 

The  results  of  this  investigation  sre  presented  in  both 
tabular  and  graf^ical  fom.  Tables  III  and  IV  ccmtain  listed 
values  of  tiie  Measured  variables  and  calculated  pauraseters 
for  all  of  the  tests.  Values  of  the  calculated  paraneters 
shown  in  Tables  III  and  IV  are  also  presrated  graphically  in 
Figures  10  through  14.  A  discussion  of  eac^  graph  is  con¬ 
tained  in  the  following  paragraphs.  In  addition,  overall 
correlation  with  other  authors  is  presented  and  an  analysis 
cf  the  interferograns  is  included  at  the  end  of  the  secti  cr.. 

Variation  of  the  Heat  Transfer  Coefficient  With  Vibration 
Intensity 

Figures  10  and  II  show,  in  non-dimensional  form,  the 

variation  of  the  heat  transfer  coefficient  with  vibratior. 
intensity  for  each  cylinder.  Tne  vibration  intensity  was 
varied  from  0  to  12  inches  per  second  and  the  static  tem¬ 
perature  differential  was  90  degrees  Fahrenheit.  The  purpose 
of  t:iese  vgraphs  was  tc  compare  the  results  of  this  study  with 
those  of  Russ  and  thereby  establish  the  validity  of  the 
experimental  procedures  employed  by  this  author.  Correlation 
with  Russ  was  limited  to  the  low  intensity  region  since  he 
had  not  obtained  vibration  intensities  above  13.0  inches  per 
second.  As  shown  in  Figure  10,  correlation  of  results  for 
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the  0.085  inch  diameter  cylinder  was  excellent.  The  differ¬ 
ence  between  the  tv;o  curves  is  never  more  than  2  percent  ani 
the  static  value  of  each  curve  is  within  1  percent  of  the 
free  convection  value  as  found  in  McAdams  (Ref  6:176).  As 
shown  in  Figure  11.  correlation  of  results  for  the  0.25  inch 
diameter  cylinder  is  satisfactory.  In  general,  the  two 
curves  differ  by  about  10  percent.  This  difference  could  be 
explained  by  pointing  out  that  the  static  value  of  the  heat 
transfer  coefficient  as  computed  by  Russ  differs  from 
McAdams  by  10  percent,  while  the  static  value  determined  in 
this  report  agrees  with  I'dcAdams  to  within  1  percent.  It  is 
reasonable  to  assume  that  this  deviation  could  be  present  in 
each,  of  the  data  points  reported  by  Russ  and  thus  explain  the 
laclc  of  better  correlation. 

Figures  12  and  13  show,  in  non-dimensional  form,  the 
variation  of  the  heat  transfer  coefficient  with  vibration 
intensity  at  intensities  from  12  to  29  inches  per  second  and 
with  static  temperature  differentials  of  60,  90,  100,  and 
120  degrees  Fahrenheit.  These  graphs  show  clearly  that  at 
vibration  intensities  above  12  inches  per  second  the  varia¬ 
tion  of  the  heat  transfer  coefficient  for  both  cylinders 
follows  the  forced  convection  curve  fou.nd  in  McAdams  (Ref 
6:259)  and,  for  a  given  cylinder  diameter  and  vibration 
intensity,  its  value  is  independent  of  the  temperature 
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difference.  A  study  of  the  graphs  also  reveals  that,  for  a 
given  vibration  intensity  and  temperature  difference,  the 
value  of  the  heat  transfer  coefficient  increases  as  the 
cylinder  diameter  decreases. 

Correlation  With  Other  Authors 

Correlation  with  the  results  of  Shine  and  Jarvis,  Fand 
and  Kaye,  Deaver,  and  Russ  is  shown  in  Figure  14.  As  dis¬ 
cussed  earlier,  agreement  with  Russ  is  good.  Correlaticr. 
with  each  of  the  other  authors  will  be  discussed  separate _• 
in  the  following  paragraphs. 

Agreement  with  tht;  results  of  Shine  and  Jarvis  is  net 
satisfactory.  Although  the  slopes  of  both  curves  are 
identical  at  high  Reynolds  numbers,  the  numerical  values 
of  the  heat  transfer  coefficient  for  the  same  Reynolds  nuirbe 
differ  by  about  25  percent.  In  an  effort  to  find  an  expiana 
tion  for  this  differenre,  this  author  examined  closely  the 
experimental  data  and  computations  of  Shine  and  Jarvis  but 
was  ...nabie  to  find  an  .-xplanacion  for  the  lack  of  agreement. 

To  facilitate  comoarison  with  the  work  of  Fand  and 
Kax'e .  their  results  were  extrapolated  to  vibration  inten¬ 
sities  of  16  inches  per  second.  Correlation  with  these 
extrapolated  results  is  excellent.  Both  curves  follow  the 
forccu  convection  curv  of  McAdams,  and  values  of  the  heat 
transfer  e  sef  f  •;  ment  i  ,r  the  same  Reynolds  number  differ  by 
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only  12  percent.  This  difference  could  be  explained  by  point¬ 
ing  out  that  Fand  and  Kaye  used  an  internal  thermocouple  to 
measure  cylinder  surface  tenperature  while  an  external 
thermocouple  was  used  in  this  study. 

Correlation  with  the  results  of  Deaver  is  excellent  at 
high  vibration  intensities.  However,  in  the  region  near  the 
critical  vibration  intensity  below  which  heat  transfer  is 
unaffected,  the  slopes  of  the  two  curves  are  different.  The 
results  of  Deaver  show  a  smooth  transition  from  stibcritical 
to  above  critical  intensities,  while  the  results  of  this 
study  show  a  rather  abrupt  increase  in  heat  transfer  as  the 
critical  intensity  is  reached.  The  difference  in  the  tv;o 
curves  could  be  due  to  the  fact  that  Deaver  conducted  his 
investigation  v/ith  water  as  the  ambient  fluid.  The  dimensions 
of  the  tank  holding  the  water  were  not  much  larger  than  those 
of  the  test  cylinder.  Consequently,  with  amplitudes  as  high 
as  2.76  inches,  the  possibility  of  disturbances  in  the 
ambient  fluid  must  be  considered. 

Analysis  of  the  Interferograms 

Interferograms  of  the  0.25  inch  diameter  cylinder  at 
various  vibration  intensities  are  shown  in  Figures  15  and  16. 
Although  a  quantitative  analysis  of  the  boundary  layer  is 
impossible,  some  qualitative  information  can  be  obtained  from 
the  interferograms.  It  is  seen  that  coitplete  transition  to 
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IX.  Conclusions  and  Reconnr.endations 

The  results  of  this  investigation  of  the  free  convection 
heat  transfer  from  vibrating  cylinders  lead  to  the  following 
conclusions: 

1.  The  variation  of  the  iieat  transfer  coefficient  for 
vibration  intensities  between  12  and  29  inches  per  second 
follows  the  forced  convection  curve  recommended  by  McAdams 
and  the  slope  of  the  curve  is  independent  of  the  cylinder 
diameter. 

2.  For  a  given  cylinder  diameter  and  vibration  in¬ 
tensity,  the  value  of  the  heat  transfer  coefficient  is 
independent  of  the  temperature  difference  for  vibration 
intensities  between  12  and  29  inches  per  second  and  within 
the  range  of  temperature  difference  used  in  this  investiga¬ 
tion. 

3.  The  results  of  this  investigation  are  in  excellent 
agreement  with  the  results  of  Russ  and  Fand  and  Kaye. 

4.  The  boundary  layer  is  turbulent  for  vibration 
intensities  between  12  and  29  inches  per  second. 

Based  on  the  assumption  that  this  report  will  provide 
a  starting  point  for  further  study,  the  following  recommenda¬ 
tions  are  made: 

1.  That  the  effect  of  direction  of  vibration  on  the 
heat  transfer  coefficient  be  determined. 
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2.  That  cylincers  of  high  relative  value  of  thermal 
diffusivity  be  used  to  minimize  temperature  stabilization 
time. 

3.  That  internal  thermocouples  be  used  to  minimize 
errors  in  temperature  measurement. 


31 


GA/ME/64-2 


Bibliography 


1.  Deaver,  F.K. ,  Penny,  W.R.,  and  Jefferson,  T.B.  Heat 
Transfer  from  an  Oscillating  Horizontal  Wire  to  Water. 
ASME  Paper  No.  61-WA-178,  1961 

2.  Eckert,  E.R.G.  and  Drake,  R.M.  Jr.  Heat  and  Mass 
Transfer.  New  York,  New  York:  McGraw-Hill  Co.,  Inc. 
1959. 

3.  Fand,  R.I4.  and  Kaye,  J.  "The  Influence  of  Vertical 
Vibrations  on  Heat  Transfer  by  Free  Convection  from  a 
Horizontal  Cylinder."  In t e rna t i ona 1  Developments  in 
Heat  Transfer.  Part  II:  490-498  (1961) . 

4.  James,  E.C.  The  Effect  of  Vibration  on  the  Heat  Transfer 
Rate  from  Cylinders  in  Free  Convection.  Thesis 
(unpublished) .  Dayton,  Ohio:  Air  Force  Institute  of 
Technology,  August,  1961. 

5.  Lemlich,  R.  "Effect  of  Vibration  on  Natural  Convective 
Heat  Transfer."  Industrial  Engineering  Chemistry, 
47:1175-1180,  (June  1955). 

6.  McAdams,  W.H.  Heat  Transmission.  New  York,  New  York: 
McGraw-Hill  Co.,  Inc.  1954. 

7.  Russ,  R.M.  Effect  of  Vibration  on  Heat  Transfer  from 
Cylinders  in  Free  Convection.  Thesis  (unpublished) . 
Dayton,  Ohio:  Air  Force  Institute  of  Technology, 

August,  1962. 

8.  Shine,  A. J.  The  Effect  of  Transverse  Vibrations  on  the 
Heat  Transfer  Rate  from  a  Heated  Vertical  Plate  in  Free 
Convection.  Technical  Report  57-13.  Wright-Patterson 
Air  Force  Base,  Ohio:  Wright  Air  Development  Center, 
December  1957. 

9.  Shine,  A.J.  and  Jarvis,  F.C.  Effect  of  Vibration  on  the 
Heat  Transfer  Rate  from  Cylinders  in  Free  Convection. 
Paper  (unpublished) .  Dayton,  Ohio:  Air  Force  Institute 
of  Technology,  1963. 


32 


GA/ME/64-2 


APPENDIX  A 


Fiqiires 


33 


GA/HE/64-2 


GA/HE/64-2 


35 


Figure  2 

Photograph  of  the  0»085  Inch  Diameter  Teat  Cyllndor 
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Figure  3 

Ph o tograph  of  the  0.25  Inch  Diameter  Test  Cylinder 
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Figure  4 

Photograph  of  the  Power  Control  Equipment 


GA/MS/64-2 


GA/ME/64-2 


39 


GA/ME/64-2 


40 


41 


Q^)  Watts 


UA/ ME/ 54-2 


■■■a— 

■  iMMi 


gaps; 


liiiii^Sji— aaSMB^n— — — ■BSaS— — jS 

|aaa#iiiapiiaaaaa»##igg5iaaaiia— aratwiia 
—  iiSiaaaMg  •••p*— 


I S^3SS S^asa a 

aaaaaaaaaaaiaiMiaf 
■aaaaaa 


•SSSa 


R3Sj 


S"MipMM|MMaw|n2f9f|B9^ 

taa  aaaaa  aSSaSt^^^^Q  aaa^JIpp^^J  ^ 


■SaSmaSSaaSSaS  SSaSaSSSSa 


aaaaSaSSa 


laaaaaa 

laaaaaa 

ItaMji 


iaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaiaaaa a 
j|aaaaaaafa^aMagaaaap^waaaiW|gaa^aaOTaaaaaaaamfa|aagi 

Niaaa  aaaaaaaaaai - 

la  aaa  aaaaS  aaaaa  I 


aaSraia 


a aaaa a aaaaa aaaaa a 
a  aaaaa  aaaaa  aaaaa  a 
a  aMaa  aaaaa  aaa  aa  a 


a  aspat^pa  a^B^B^B^ra^B^B^B^B  a 

aaaaaaaaaai aaaaa aaaaa aaaaaaaaaai 


l^5i8sa;gg;Bai^SS«aaa:a^ 

l^aaa^aaeaassa^tarassaKaasasaBga^oias 

laaigaigaagiaasgsagssgaaaspgggggg^^ 


:bsi 


■  •MM: 

■  •mm. 


a aaaaa aaa* Aaaaaa a 
aaaaaaaaraaaiaaia 

;ga« 


_ :koi _ 

•gjag^^ggaggagaf  — —f 

iB^S^kBaBSlaBS^^Sa 


■UilMBSMiMSil 


iMwiS^jMgwjgjjjwjMisjagiajMgsBjgnjiiiHfSapnit — - - 

:^SSa^^giag«aaa;aa:^^gggmg5g?it«iH«i 


- ;gMy;MgM^MM.. - 

a  aaaa aaaaaa  aaaaa  aaaaa  a 


imp 


:»si 


tSaSSSaaaaai 

gaaaa^^Ba 


USBl 


aaaaa  aaa  iai 
I  aaaaa  aaaaa  aaa 

I  aaaaa  aaaaasaaaa 


ISaaaaa 


iswi 

ssfiis! 

r4iaaaaa 


iB»Haa58  aaaaa  aaaaa  aaawBi 

- aapaaf aaaaa aaaaaaaaaai 

aaaaai aaaaaaaaai a - 


aalSiSaaaSHSa 


I  aaaaaaaaai 

I•«99i99l'' 

h:ss» 


■aaaaaaaaaaa 
aiaaaaaaaaaa _ _ _ 

»  aa aaaaa aaaaiaaa 

aaaaaaaa - 

- aaaaaia 


aaaaaaa 

aaaaiaa 


aSSSSSnSaaaaaa 

a  aaaaa  aaaaa  aaaaa  a _ 

:fiag:gMgggggg 


o 

ip. 

:ni 


,e 


ansfer  Coef  f  i  c on  t  With  Vibration 

for  the  O.OB  •  In  -)  Diameter  Test  Cylinder 


GA/ME/64-2 


44 


Variation  of  the  Heat  Transfer  Coefficient  With  Vibration 
Intensity  At  Low  Intensities  for  the  0.25  Inch  Diameter  Test  Cylinder 
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Equation  Development 

The  egression  for  the  mximum  error  in  convective  heat 
transfer  can  be  drived  by  writing  the  equation  for  this 
variable  in  finite  difference  form  as 

=  Aq^  -  -  A(Q^  +  Q^) 

with 

AQ|-  =  iAe  +  EAI 
A  Qi  =  2IR  Al  +  A  R 

A  (Qj.  +  Q}^)=AQ^^  -  Aq^^  _  AQi^ 

where  the  zero  subscript  indicates  that  the  variable  was 
measured  during  preliminary  static  runs  to  determine 
(Qr  +  Q}^)  3  and  the  absence  of  the  zero  subscript  indicates 
that  the  variable  was  measured  during  vibration  tests.  Since 
the  cylinder  v/as  at  rest  during  the  preliminary  static  runs, 
there  was  no  turbulence  around  the  thermocouple.  Consequent¬ 
ly,  the  error  in  A  Tq  was  assumed  to  be  zero,  and  since 
A  To  was  the  only  independent  variable  used  in  the  deter¬ 
mination  of  ,  it  was  assumed  that  A  Qo  was  also  zero. 

•  '-O  ""O 

Expanding  the  expressions  for  A  0^-^  and  A  substituting, 

and  combining  terms  results  in 

A  Qc  =  I  AE  +  (E  -  2IR)  A  I  +  I^A  R 

+  IqAEq  +  (Eq  -  2IoRo)AIo  +  IoAro 
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Sample  Calculation 

This  calculation  was  based  on  run  #19  on  the  0.25 
inch  diameter  test  cylinder.  The  recorded  values  of  the 
measured  variables  were: 


T^  =  93.4 

F 

I  =  0.91 

amps 

2a  =  0.5439  in 

Ta  =  80.4 

F 

E  =  3.71 

volts 

f  =  82  cps 

From  these  data  the  follov/ing  computations  were  made: 

Qt  =  IE  =  (0.91)  (3.71)  =  3.379  watts 

=  i2r  =  (0.91)2  (0.167)  =  0.138  watts 

At  =  T„  -  Ta  =  93.4  -  80.4  =  13  F 

Tf  =  (Tw  +  Ta)  =  (93.4  +  80.4)  =  86.9  F 

2  2 

Radiation  and  conduction  losses  were  determined  from  Figure 
10  as 

(Qj;.  +  Q]^)  =  0.223  watts 

From  tables  in  Echert  and  Drake  (Ref  2:509),  the  fluid 
properties  were  determined  as 
kf  =  0.01537  BTUAr  ft  F 
Vf  =  17.29  (10)“^  ft^/sec 
Pr  =  0.707 

Convective  heat  transfer  was  obtained  from 
-  (Qj.  +  Q-^)  -  =  3.018  watts 
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The  dimensionless  parameters  were  calculated  from 


Nu  =  1.184Qc  =  1.184(3.018) _  =  19.85 

Pr--^  kf  AT  Pr-3  0.01537  (13)  (0.707) -3 


and 


Re 


2af  =  0.5439(82) 

288  V  f  288(17.29(10)-^ 


Calculation  of  the  maximum  overall  error  in  the  Nusselt 
number  and  Reynolds  number  was  calculated  from 


A  Nu  =  1.184  A  Qc  +  1.184QC  A(  A  T) 

kf  At  kf  (AT)  2 

A  Re  =  (f  A2a  t  2a  A  f) 

288  V  f 

where 

A  (At)  =  0.5  P 
A  2a  =  0.01  in 
A  f  =2  cps 

The  error  in  convective  heat  transfer  was  computed  from 
A  Qc  =  iAe  +  (E-2IR)AI  +  I^AR  +  Iq  A  Eq  + 

(Eo  -  ZIo^o)  lo  * 

with 

I  =  0.91  amps.  E  =  3.71  volts  R  =  0.167  ohms 
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f 


A I  =  0.015  amps. 

AE  = 

0.2  volts 

Ar  = 

Io=  0.4  anps. 

^d= 

1.55  volts 

Ro= 

A  Io=  0.015  amps. 

AEo= 

0.2  volts 

A  E.o~ 

0 

0.167  ohms 
0 


iiQc=  .91(.2)  +  [3.71  -  2(.91)(.167)  ]  .015  +  (.4)  (.2) 

+  [^1.55  -  2(.4)(.167)  ^  .015 
=  .182  +  .0512  +  .08  +  .0213 

=  .334  watts 


Substituting,, 


A  Nu=  1.184 (.3 34)  -i-  1.184(3.018)  (.5)  =  I.975  +  .686 

(0.1537) (13)  (.01537) (169) 


=  2.7 


and 


A  Re=  82('.01)  +  .5439(2)  =  1.907(10)5  =  33 

288(17.29) (10)-5  288(17.29) 

The  value  of  the  maximum  error  will  be  different  for  each 

run  and  the  percent  error  will  increase  as  the  value  of  the 

parameter  decreases. 
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static  Data  for  Determining  Radiation  and  Conduction  Losses  for  0,25  Inch  Diameter  Cylinder 
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Table  III  (cont.) 

Experimental  Data  for  0.25  Inch  Diameter  Test  Cylinder 
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Personally  Identifiable 
Information  Redacted 


Vita 

Captain  David  F.  Neely  was  born 
HlllllimiimillllllP  He  attended  grade  school  and  high  school 

* 

there  and  was  appointed  to  the  United  States  Naval  Acaden^ 

in  Julyj  1947.  He  graduated  from  the  Naval  Academy  in  1951,  } 

and  v;as  commissioned  as  a  second  lieutenant  in  the  United 

States  Air  Force.  At  that  time  he  entered  pilot  training. 

Upon  completion  of  pilot  training,  he  was  assigned  to  duty 

with  the  Tactical  Air  Command  at  Shav/  Air  Force  Base,  South 

Carolina.  Subsequently,  he  entered  residenr  training  for 

Astronautical  Engineering  (Graduate)  at  Wright -Patters on  Air  ^ 

Force  Base,  Ohio. 
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